We report ab initio-based processes to generate an amorphous nanoporous Cu64Zr36 metallic glass. Starting with two different initial configurations: an unstable crystalline sample (cCu64Zr36) and an amorphous sample (aCu64Zr36), the transferable expanding lattice methodpreviously used with semiconducting and pure metal systems-was applied in order to increase the volume of the cells (and atomic distances proportionally) so that the density was halved, thus obtaining 50% porosity. The initial samples were subjected to either constant room temperature ab initio molecular dynamics or geometry optimization only, which resulted in well-defined pores growing along specific spatial directions. Herewith we report partial and total pair distribution functions, as well as nearest neighbor distances and coordination numbers which let us discern differences in backbone and pore topology. Also we report the bond-angle distribution which let us track the presence of icosahedral-like short-range order which is often related to the glass forming ability in amorphous alloys. The so-called depletion of the pair distribution function at mid range order reported in the literature, along with an estimation of pore sizes are also reported.
Introduction
Although porous materials have long been used for several purposes, their study remains a cutting-edge topic among material scientists and engineers. Research on these materials does not only involve the ongoing development of techniques to obtain them experimentally-which often becomes onerous when pore size control in the nano regime is required-but also to characterize them in order to foster their potential properties [1] . Attention has been focused on amorphous porous metals due to the promising combination of exceptional physical and mechanical properties, for it is desired that microscopic ductility in the structure should improve macroscopic ductility in the amorphous metallic foam [2] . Such amorphous-alloy foams would have other potential applications due to their porous nature; they might be used as fluid nanofilters, high-corrosion and wear resistant structures, adsorption materials, etc. [3] .
More than a decade ago, the first successful method to create a bulk metallic glass foam (BMGF) was reported by Schroers et al. [4] , who prepared a low-density Pd-based alloy Pd43Cu27Ni10P20 with closed pores of 200-1000 μm with the aid of hydrated B2O3 gas as bubble generator. In 2004, Brothers and Dunand reported the foaming of a Zr-based alloy by rapid quenching Zr57Nb5Cu15.4Ni12.6Al10, achieving small pore sizes of 25-50 μm [2] . Successive experimental work was mainly focused on multicomponent alloys such as Ni59Zr20Ti16Si2Sn3 [5] , Fe48Cr15Mo14Y2C15B6 [6] and Mg60Cu21Ag7Gd12 [7] , among others.
From the theoretical point of view, not much literature has been published on the modeling approaches for the generation of amorphous porous materials in general, nor for amorphous porous metals in particular. On the whole, either the "reconstructive" or the "mimetic" approaches have been taken. While the former involves the use of constraints obtained from experimental data, the latter implies the simulation of realistic processes to obtain structures which involve a non trivial design [8] . Furthermore there are also the Monte Carlo (MC) and classical molecular dynamics (MD) schemes; in spite of their advantage to handle several thousands of atoms in a simulation cell, they are either focused on reproducing particular experimental data or their applicability is restrained to a single system, as in the mimetic approach. As far as we know, no previous ab initio approach has been reported in the literature [8] .
One geometric approach that has been used to generate amorphous porous samples is the one where the pore is "manually" carved directly in the simulation cell. However, this biasing in the initial structure influences the resulting porous structure; besides the initial crystalline structure will become distorted only in the vicinity of the porous rather than on the whole. Another method that has been reported recently by Santiago-Cortés et al. [9, 10] , mimics, to some extent, the dealloying process followed by experimentalists to generate meso and macroporous structures. Also there is another approach that has been used to generate nanoporous semiconducting structures and some pure metallic systems: the expanding lattice (EL) approach reported by Valladares et al. [11, 12] . Since this method is ab initio-based, it excludes the possibility of adding and fitting parameters from experiment and, in principle, leads to non-manipulated structures contrary to other approaches, making the method transferable. Withal, it is well-known that ab initio methods are computationally onerous and that the number of atoms that can be handled is no greater than a few hundred. Therefore in order to properly describe any property of the material, a study with a large number of atoms is often desired so that it can be representative. The EL method has proven to reproduce some properties in amorphous nanoporous carbon [13] . Since the method has been used only with pure elements so far, it is desirable to investigate its application to alloys especially to amorphous ones with simple compositions such as those of the binary type.
Herewith, we report the use of the EL approach to generate amorphous nanoporous Cu64Zr36 with 50% porosity. We chose this alloy because it has a simple atomic composition, and its topology in the amorphous phase has been widely studied in the literature [14] [15] [16] [17] [18] [19] . We present a structural analysis by means of the pair distribution function (PDF) so that the local atomic environment can be characterized along with the bond-angle distribution (BAD) which let us track the percentage of icosahedral-like short-rage order (SRO), which is often related to the glass forming ability of the bulk and its mechanical properties. In addition, we compare the resulting porous samples with previously reported non-porous structures to trace relevant structural changes due to porosity.
Method
In order to generate amorphous nanoporous Cu64Zr36 alloys we take two paths, one which involves a thermal stage with ab initio molecular dynamics (AIMD) plus geometry optimization, and another one just involving a geometry optimization (GEOPT).
First, we start from two initial cubic supercells with 108 atoms, i.e., 69 Cu atoms and 39 Zr atoms: an amorphous cubic supercell (a-Cu64Zr36), whose generation details are fully commented elsewhere [20] [21] [22] ; and second, from an unstable crystalline configuration (c-Cu64Zr36) selected in order to foster disorder during the molecular dynamics process. The EL method is applied then to each sample using the following relation: l2 = 2 1/3 l1, where l2 is the edge of the expanded cell and l1 is the initial edge of the supercell [11] ; this lowers the density from 8.06 g/cm 3 to 4.03 g/cm 3 ( Fig. 1 ) in order to reach 50% porosity.
This percentage was chosen in order to avoid either short lattice expansions that might lead to high crystalline remnants in c-Cu64Zr36, or weak interactions among atoms in the supercell due to large lattice expansions [9] .
AIMD
Once we had the expanded samples, they are subjected to constant temperature AIMD at 300 K (room temperature). The NVT ensemble with a Nose-Hoover thermostat is used as well as the Verlet velocity integrator algorithm. The MD process is carried out for 500 simulation steps using a time step of 10.71 fs. After the constant temperature stage, the samples are relaxed by means of a geometry optimization in order to reach their corresponding energy minimum. 
GEOPT
The second alternative to generate the amorphous nanoporous structure is based on the initially expanded structures (a-Cu64Zr36 and c-Cu64Zr36) and then relaxing them via geometry optimization only, thus excluding the temperature factor. This would lead the system to reach its minimum energetic configuration. This approach was chosen since it is well-known that in alloys atomic radii differences reduce atomic mobility (hence preventing the formation of crystalline phases) thereby leading to the formation of the amorphous.
All simulations are performed using DMol 3 , a density-functional-based code which builds the atomic orbitals via a linear combination [23, 24] . Furthermore, within the local density approximation the Perdew-Wang exchange and correlation functional is used [25] . The calculations are performed unrestricted using double-numerical atomic basis sets with d polarization functions (dnd) along with cut-off radii of 4.4 Å for Cu and 5.3 Å for Zr. Since ab initio methods are known to be computationally demanding, to optimize the CPU time we use the DFT semicore pseudopotentials (dspp) [26] , which replaces the core electrons with a simple potential and adds a certain degree of relativistic effects on them.
To characterize the local atomic environment, we calculate the partial coordination numbers Ni by integrating the partial PDFs up to the first corresponding minimum rc. Once we have the partial coordination numbers, we add them in order to get the total coordination numbers of every amorphous porous sample. Furthermore, by using the first minima rc as the interatomic distances we calculate the BAD to track either the possible remnants, or the presence of icosahedral-like SRO.
We must make clear that in our approach we do not pretend to mimic the experimental processes by which amorphous nanoporous alloys are grown, but we want to devise a theoretical approach which allows us to generate reliable structures that could represent the experimental ones. It is worth mentioning that since experimental PDF information has not been reported yet for amorphous porous Cu-Zr the results presented here should be considered predictive.
Results and Discussion
Figures 2-5 present the resulting amorphous nanoporous structures as viewed from several axial directions, where we can notice that through-pores grew along well defined spatial directions. We see that there is no obvious relation among the different growing directions in all four samples. However we can say that at least in every sample there is a spatial direction along which dendritic-like topology is clearly observed, e.g., both Fig. 2b and 3b show a tree-like backbone, although the orientation differs, while Fig. 4c and 5c have dendritic-like topology. Moreover, we see that there are certain similarities for those structures that started from a-Cu64Zr36, up to some extent, which is not the case for the ones that started from c-Cu64Zr36. Thus, we can notice that pore size and topology strongly depends on the initial structure and the porous process. We also observed that minor pores appear different spatial directions.
We denote the structures generated by GEOPT as: ap-c-OPT and ap-a-OPT; while the ones generated by AIMD as: ap-c-AIMD and ap-a-AIMD. In Figures 6a-c we show the three partial pair distribution functions (pPDFs) of our four resulting samples. It can be noticed that in Cu-Cu and Cu-Zr pPDFs there is a good agreement among all samples up to a distance of about 6 Å, which is not the case of Zr-Zr partial since Zr is the less abundant atomic species in the system and fluctuations arise. Despite these short-range order variations, in all three pPDFs the bimodal second peak which is often related to metallic glasses can be observed [27] . In addition, the samples which were initially crystalline, regardless of the process, become fully amorphous according to their corresponding PDFs. As previously recognized by Santiago-Cortés et al. [10, 11] , we show as insets in Figures 6a-c the depletion of the PDF which will be discussed later and which is a consequence of the porosity in the samples.
The agreement of the PDFs in all our generated amorphous porous alloys can also be confirmed via the first neighbor positions (ri) from Table 1 . We can see that they all agree within 2% and compared with the non-porous amorphous Cu64Zr36 (denoted as np-a-Cu64Zr36) they are somewhat smaller. We believe that in porous amorphous metals, the displacement to shorter distances of the first neighbor positions in the porous PDFs could be related to atoms located near the pore surface; since they are not in the bulk there is an asymmetry in the interactions exerted by the surrounding atoms that attract surface atoms closer to them (to compensate for the lack of atoms in the pore), thereby diminishing their interatomic distance 8% at most.
As for the total PDFs (Figs. 7a-b) , the GEOPT-generated structures are practically the same while AIMD-generated differ in height, not in, shape up to the second coordination shells. Nevertheless, it is worth mentioning that from the third coordination shell ap-c-AIMD and ap-a-AIMD structures differ due to a left displacement of the latter, which means that the structure whose initial configuration is the unstable crystal has peaks located at positions that resemble more the non-porous amorphous Cu64Zr36 peak positions; in other words, the final ap-c-AIMD structure-although having the same porosity percentage-has smaller pores than the other samples which can be seen in its resulting topology depicted in Figures 4a-c . When comparing the total PDFs with the non-porous amorphous Cu64Zr36 we see that there is an evident difference in height due to the change in the number density ρ0 upon volume increase. We believe that these differences between ap-c-OPT and ap-a-OPT, and apc-AIMD and ap-a-AIMD are associated with the initial configuration, i.e., it might be energetically favorable to start with an amorphous structure rather than an unstable crystalline which would have to be disordered in the first place and become porous afterwards. However, these variations are not relevant when considering SRO via the coordination numbers (Ni) in Table 1 . In the case of the first coordination shell locations, first neighbor distances -although varying somewhat-have an acceptable agreement for all four amorphous nanoporous structures; the highest variation is of 10% in the case of NZr-Zr, which is again related to the fluctuations caused by the small number of atoms in the supercells. Thus, it would be desirable to have a larger atomic system in order to diminish fluctuations and have better descriptions of the system, statistically speaking; nonetheless, our group has formerly proven that the PDF of a 64-atom amorphous silicon system compared with the corresponding one of 216-atom are practically the same [28] .
An important feature related to coordination numbers is that they all exhibit a clear drop of about 2 for partial Nis and of 4 for total Ns. We consider that a consequence of this lowering is also related to the presence of pores in the simulation cell. On one hand we have the atoms located in the backbone or the "bulk", and on the other hand the atoms located at the surface of the pore. Since surface increases as porosity does, there is a competence between the backbone atoms that contribute to coordination and the voids inherent to the pores formed. Total pair distribution functions of amorphous porous Cu64Zr36 generated by (a) GEOPT; and (b) AIMD. The hollow circles represent non-porous amorphous Cu64Zr36 from Ref. [16] . The corresponding insets show the depletion of the PDF as a consequence of porosity in the resulting structure.
As was previously mentioned, the depletion in the PDF has its origin in the pores within the supercell in pure amorphous nanoporous materials [9] . Moreover, it depends on the topology of the pores since a homogeneous distribution of them in the simulation cell would lead to a dendritic-like structure and no noticeable depletion of the PDF. In the case where the backbone and the pore are localized, i.e., the pore is concentrated in a region of the simulation cell, the depletion shows up and it prevails as porosity increases. Furthermore, at this stage we can estimate the size of the pore by determining the distance range in which the depletion of the total PDFs spreads; nevertheless, setting the depletion limits is not a trivial task due to fluctuations in the PDF. For this reason, we decided to perform a Fast Fourier Transform smoothing in order to discard high frequencies and devise a way that could let us estimate the limits of the depletion (Figs. 8a-b) .
From Figures 8a-b , we estimate the pore size by measuring the distance range where the PDFs remained systematically below 1 beyond the third neighbor coordination peak. These results are shown in Table 2 .
Since the coordination numbers from Table 1 Figs. 8a-b . In ap-c-AIMD simulation there is a peak at 9.43 Å whose g(r) value is 0.9994 considered as 1, thus we measured two pore sizes.
Simulation Pore size [Å]
ap-c-OPT 7.1 ap-a-OPT 7.5 ap-c-AIMD 2.1, 3.9 ap-a-AIMD 5.6
We can see from Fig. 9a -b that despite having well-defined peaks that might be related to icosahedral-like SRO, the number of angles present in the porous samples compared to the ones in the non-porous amorphous are systematically smaller over the whole range of the BAD. We think that this behavior is also a consequence of the backbone and pore competition; i.e., the number of bulk atoms is reduced upon pore formation. Moreover, GEOPT-generated porous samples tend to form more distorted geometries since the second bump of the BAD is more spread, whereas the AIMDgenerated samples exhibit a more localized second bump around the value of 108° which is related to the inner angles of a pentagon. We also see that the first peak around 60° in the case of the AIMDgenerated samples shows contributions due to angles whose values can be either smaller or larger than 60°.
Although we cannot assert whether icosahedral-like SRO dominates in our amorphous porous samples, we can say that AIMD-generated structures have geometries which resemble more an icosahedral-like one, qualitatively. Furthermore, we can also mention that since the prevailing peak in all BADs is located around 60°, the geometries present in our porous samples should be triangle-like. Thus, we think that such geometries are associated to the Frank and Kasper (FK) polyhedra Zn: the so called triangulated coordination shells [29] ; of course, the geometries in our samples are not ideal but rather distorted or truncated since we have smaller coordination numbers compared to the nonporous amorphous structure, manifesting again pore growing, backbone formation and an increasing surface. Figure 9 . Bond-angle distribution of amorphous porous Cu64Zr36 generated by (a) GEOPT; and (b) AIMD. The hollow circles represent non-porous a-Cu64Zr36 from Ref. [16] .
We see that there are two tendencies in pore size among our results: a) pores in AIMD-generated structures are smaller than those present in GEOPT-generated samples; and b) pores in structures that started from c-Cu64Zr36 are smaller than those whose initial structure was a-Cu64Zr36. This implies the following key points about the generation of amorphous nanoporous structures with these approaches: a) amorphous nanoporous alloys generated from an unstable crystalline cell have a larger backbone size, thus a smaller pore due to a possible high energetic cost of disordering the structure after the lattice expansion with the AIMD generation process; b) smaller coordination numbers (compared to the non-porous amorphous Cu64Zr36) are not significant to assert whether our samples have or do not have icosahedral-like SRO, for we have mentioned above that such lowering in Ni is related to a competition between pores and bulk contributions; however, from the BADs we can assert the presence of either distorted or truncated FK polyhedra; further analysis of the topology is needed to clarify this point; c) since there is not an apparent relation between the generation processes and the resulting pore topologies, a larger simulation cell would help to discern whether pore topology is cell-size dependent giving a better insight to the formation of these materials.
Conclusions
We proposed two ab initio-based approaches to generate amorphous nanoporous structures of Cu64Zr36 alloy based on the expanding lattice method; one approach involves ab initio molecular dynamics; and another one involving geometry optimization only, thus discarding the temperature factor. By using different initial configurations (a-Cu64Zr36 and c-Cu64Zr36) we noticed that they resemble each other on the whole; however, analyzing the corresponding total PDFs peaks the resulting structures indicate that the unstable crystalline cell does not fully amorphize. This implies slightly thicker backbones and smaller pore sizes, contrary to those samples that started from an amorphized structure. The depletion of the PDF appeared in our analysis, and it was used to get a coarse calculation of the size of the pores in our resulting samples; we think that a larger sample is needed to see whether pore topology is dependent on the cell size and to reduce PDF fluctuations in order to have a more precise estimation of the depletion range. Certainly, this criterion is a function of the nature of the pore since large through pores would contribute more to this depletion than dendritic pores. Further studies at higher temperatures may improve amorphization in AIMD-generated cCu64Zr36 samples. From the bond-angle distributions we noticed that the porous samples exhibited a similar behavior as the non-porous structure suggesting the presence of icosahedral-like SRO; nevertheless, such geometry does not prevail, for other geometries related to either distorted or truncated FK Zn polyhedra might appear. Therefore, better characterization of the local atomic environment in our amorphous nanoporous samples is needed. We look forward to the moment in which binary bulk metallic glass foams are generated experimentally due to their potential applications and to get a better understanding of the mechanisms that originate these promising materials. We think that this work could contribute as incentive to the modeling of amorphous nanoporous alloys from an ab initio point of view, which has scarcely been addressed.
